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Abstract

Optimization of costly drilling operations is essential to reduce the overall costs
of oil and gas extraction. Simulation of these operations can yield a better
selection of parameters for maximum drilling efficiency. One of the most cost
efficient methods to do so is by computer modeling. Because of the complex
nature of the cutting process, no analytical methods can be used for its modeling
and the numerical methods are the only option. FEM and Discrete Element
Method (DEM) are the most commonly used numerical methods for this
purpose. One of the best features of the DEM is that it is very suitable for
discontinuous environment and no special treatment or process is required in
tracking the produced cracks and fragmentation. Also depending on the depth of
cut, it can both simulate ductile or brittle failures. In current study, a 2D
computer model was developed using the particle flow code (PFC2D) to
simulate the cutting action of a single cutter. PFC uses the DEM to model a rock
sample by fine cylinders or disks. The properties of the Berea sandstone were
considered in our modeling. A good match of mechanical properties was
obtained for the rock model by adjusting micro parameters of the contacts
between the constituting balls and the results of the simulation are compared to
laboratory data.

Keywords: single cutter test, numerical simulation, discrete element method,
PFC2D.

1 Introduction

Due to the very complex nature of rock drilling with drilling bits, no analytical
method is available to determine the optimum drilling parameters in different
formations. Also it is of great interest to see the effects of using different weight
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on bit (WOB), rotation speed (RPM) and different drill bits on drilling
performance; these parameters cannot be taken into consideration through
analytical formulae.

Simplifying the rock-bit interaction from a full faced drilling bit at wellbore
scale to a single cutter that moves in a straight line on a cubical rock sample
would be the simplest scenario to simulate in laboratory and numerically. Single
cutter tests can be helpful in studying the information obtained from full-scale bit
testing which concern the overall effects of all the cutters with different cutting
and cleaning conditions; so the net effect of the individual cutters are difficult to
distinguish [1].

It should be reminded that even with this simplification, the analytical
simulation will be very difficult. Although there are a number of attempts by
different authors to define a failure criterion by further simplifications and find
an analytical solution to this, because of excessive simplifying assumptions no
reliable analytical method found in the literature that can accurately represent the
cutting action.

Numerical modeling is an alternative to analytical methods to simulate
complicated cases and to do sensitivity analysis of different parameters. The
experimentally determined mechanical properties will be used to construct real
like rock sample numerically which will be undergone several cutting tests. The
results of these tests will be a good benchmark to design the experimental
apparatus and test conditions as well as the test procedure. In addition, it is to be
noted that conducting laboratory tests are expensive and time consuming.

Different types of numerical methods have been used in the past for cutting
modeling: these can be divided into continuum and discrete methods. Finite
difference method (FDM) and finite element method (FEM) are the two
continuum models which are mainly used when there is not a high deformation
in rock. Continuum numerical methods are inefficient in modeling fracture
planes which occur in the rock matrix during rock cutting action [2].

Discrete element method (DEM) is a discontinuum based numerical model
which is used for simulating fractured rock masses. A DEM model represents the
rock sample as a bonded assembly of rigid or deformable discrete blocks and
with an explicit time matching scheme it can capture the kinematics of these
discrete blocks [3]. Each bond may fail (micro crack) when the applied stress
(normal, shear or rotation) exceeds a certain value and fracture will generate as a
result of coalescing of these macro fractures.

A hybrid form of these methods can be used to have the desired advantages of
one method or avoid disadvantages of the others. A common practice is to use
FEM — DEM hybrid method (FEDEM), with DEM in the rock-cutter interaction
and FEM elsewhere to monitor the induced stresses etc. A good example of this
approach is the work done by Rojek and Ofiate where they applied combined
FEM/DEM modeling to simulate underground excavation [4].

One of the best features of the DEM is that there is no need to any special
treatment or process for fragmentation tracking and it is just the normal results of
an analysis. This makes DEM as an efficient approach for modeling
discontinuous environment such as rock cutting [5].
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In this study 2D numerical simulation of cutting action with a single cutter is
modeled. Particle flow code (PFC) which is a DEM based numerical code was
used for this purpose. The results including the effect of cutting depth on drilling
performance will be presented and compared with those presented in the
literature.

2 The rock cutting model

The PFC uses an explicit solution scheme where the solutions are stable and can
describe the non-linear behavior with an accuracy that cannot be matched by
typical finite element programs [6]. The code representation of an intact rock
sample is an assembly of round particles with a specified statistical size
distribution. Once the bonds are installed between all the adjacent particles, the
overall mechanical behavior of the assembly is controlled by the micro-
properties of particles and bonds [7].

There are few bond types that were predefined in the code or alternatively the
user may define a new bond for specific applications. The most common bonds
are contact and parallel bonds. In this study, the parallel bond was used. This
bond represents the cement like physical behavior of joining materials between
the grains. While the contact to contact bond only transmits force between the
grains, parallel bond can transfer the momentum as well as the force.

3 Sample generation

As it was mentioned earlier, the micro properties of the material in a DEM code
should be chosen in a way that the generated assembly has macro mechanical
properties (e.g. elastic Young’s modulus or uniaxial compressive strength, UCS)
close to the real sample. This is done through an iterative process.

Table 1 shows the rock mechanical properties of a Berea Sandstone used by
Glowka for a Rock Scratch Test (RST) with a 0.52 in. sharp PDC cutter [8]. In
this study we used this data in our simulations. The last row in this table lists
similar parameters for the simulated sample that was built in this study for
cutting performance analysis.

The Unconfined Compressive Strength (UCS), Direct Tensile and Brazilian
tests were measured for a 12x6cm sample with an approximately 30,000 round
particles (discs) with their radii being uniformly distributed in the range of 0.2 to
0.32 mm. The particles micro properties are listed in Table 2. The tensile
strength is the most challenging parameter to get a good match. The term match
is used to show a good accordance between the targeted mechanical properties
and macro behavior of the numerically generated sample. From Table 1 it is seen
that the generated sample for numerical simulation is a good representative of
Berea sandstone that was used by Glowka [8].

As an example, the result of a numerical UCS test is shown in Figure 1. The
graph (red line) shows the axial stress-strain curve showing an ultimate strength
of 48.8 MPa. The figure also shows the sample (yellow rectangular shape) in the
middle in its final stage of the test.
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Table 1: Mechanical properties of Berea Sandstone [1] and those obtained
from PFC simulation in this study.
' Ir.lternal Ucs Elastic Poisson’s Tensile
Friction Angle (MPa) Modulus Ratio Strength
(Degrees) (GPa) (MPa)
Max 53.6 70 16 - 4
Min 234 47 12 - 2
Average - 49 14 0.36 3
PFC2D 35.8 48.8 14.3 0.366 11.6

Axial Stress (MPa)

0.0 0.4 0.8 12 1.6 2.0 2.4 28 32
Axial Stram (%)

Figure 1: PFC2D simulation of a UCS test.

4 Cutting simulation

In the previous section it was discussed how a representative sample to the real
sample can be simulated in PFC. To simulate the cutting action of a single cutter,
a 2.5x8 cm 2D sample was generated with the same micro-properties as given in
Table 2. Discarding the size effect, this sample is expected to have the same
macro mechanical properties to the sample used for the UCS test (i.e. Table 1).
The sample was then placed between three walls (the side walls are shorter than
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the sample size) to keep it in place. There were no confining stresses applied to
the sample.

Table 2: PFC2D model micro-properties.
Property Value Property Value
Sample size (cm) 12%6 Contact Young's modulus 121
(GPa)
Particle density (kg/m3) 2050 Particle stiffness ratio 3.08
Minimum particle radius Particle friction
0.2 - 0.5
(mm) coefficient
Particle size ratio Parallel bond normal
strength (MPa)
1.66 51.9
Number of particles 30,000 Parallel bond cohesion 320
(MPa)
Parallel bond friction 350
angle (Degree) )

The cutter in this study was rectangular in shape and sharp with a back rake
angle of 20° as shown in Figure 2: this is similar to the cutter used in the original
experiment done by Glowka [8]. Considering a certain depth of cut, the cutter
was moved across the surface of the rock sample with a constant speed,
monitoring normal and horizontal loads applied to the cutter. Depending on the
depth of cut, different failure modes may take place: ductile failure for a shallow
depth of cut and brittle failure for a deep depth of cut. It should be mentioned
that the particles in PFC2D have a hidden third dimension of 1m. It means that
each particle with any diameter is actually a cylinder with a length of 1m.
Similarly, the cutter has a third dimension of 1 m too (see Figure 2).

A
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Figure 2: The rock—cutter alignment.
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The PFC code can monitor the crack initiation and propagation by tracking
the position and the number of different failures that may occur in bonds. As an
instant, the tensile and shear failures are shown in different colors in Figure 3.
This figure shows the results of cutting simulation in the modeled rock sample
corresponding to two depths of cut of 1mm (top) and 4mm (bottom). The results
show change in the mode of failure as the cracks for larger depth of cut are
deeper and the rock breaks by fragmentation. Fractures were extended deeper in
case of 4mm cut comparing to Imm cut. It is to be noted that the effect of cutter
wear was not considered in this simulation.
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Figure 3: PFC2D cutting simulations for depth of cut of Imm (top) and 4mm
(bottom).

Since the “width” of the cutter in the model is 1 m, the recorded force should
be adjusted for the width of the actual cutter that was used in the experiments,
ie. 0.52 in (1.32 cm). Figure 4 shows the results of simulation after this
correction. As it is shown in the figure, the model results are in a very good
agreement with the experimental data. This is in contrast to the results that Tulu
and Heasley [9] obtained from their FLAC3D simulations.

They assumed the strain-softening Mohr-Coulomb plasticity model to
calculate rock failure. Their results deviated from the experimental data trend for
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the depth of cuts deeper than 0.8 mm and stayed constant. They concluded that
this is due to the change of the failure mode from ductile failure in shallow
depths to brittle failure in deeper depths of cut. However, the results of this study
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Figure 4: PFC2D output results for Berea Sandstone.

showed that perhaps using a DEM simulation it would be possible to capture the
cutting action on the rock in a more realistic way.

5 Conclusions

The results of this study presented the applicability of Discrete Element Method
(DEM) to model the cutting action of a single cutter on a rock sample. A 2D rock
sample was modeled to be representative of the Berea sandstone which was used
by others. By changing the micro-mechanical properties of the balls in the model
a good match was obtained with macro-properties of the sample. The simulated
sample was subjected to a cutting action of a single sharp bit with two different
depth of cut. The simulation results were compared to the laboratory data of
Glowka [8] and a very good agreement was obtained. This showed that the
model can be used for selection of the drilling parameters. However further
investigation is needed before the model is used for selection of other parameters
like different rake angles and depth of cut.
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